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Huntington’s disease is an autosomal dominant neurodegenerative disorder caused by the expansion of a
polyglutamine repeat tract in the huntingtin protein. Polyglutamine-expanded huntingtin forms intranu-
clear as well as perinuclear inclusion bodies. Perinuclear aggregates formed by polyglutamine-expanded
proteins are associatedwith a characteristic indentationof thenuclear envelope.Weexamined thenuclear
envelope in cells containing huntingtin aggregates using immunostaining for lamin B1, a major compo-
nent of the nuclear lamina. Laser confocal microscopy analysis revealed that huntingtin aggregates in aolyglutamine
untingtin
ggregation
amin
uclear envelope
juxtanuclear position were associated with a clear focal distortion in the nuclear envelope in cells trans-
fected with polyglutamine-expanded huntingtin. Lamin B1 distribution was not altered by aggregates of
polyglutamine-expanded ataxin-1, that are exclusively intranuclear. Thus lamin immunocytochemistry
demonstrates clearly the depression of the nuclear envelope resulting from the formation of perinuclear
aggregates by polyglutamine-expanded huntingtin. Lamin immunocytochemistry would be of value to
monitor the stateof thenuclear envelope inexperimental paradigmsaimedat establishing the signiﬁcance
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of perinuclear aggregates
untington’s disease (HD) is an autosomal dominant neurodegen-
rative disorder characterized by selective neuronal loss in the
triatum and cerebral cortex. HD is caused by the expansion of a
olyglutamine (polyQ) repeat tract in the N-terminus of the hunt-
ngtin protein. HD is part of a group of inherited neurodegenerative
iseases, that include HD, spinal and bulbar muscular atrophy and
everal spinocerebellar ataxias (SCA), caused by the expansion of a
olymorphic CAG repeat domain in the open reading frame of the
isease gene, translated into an expanded polyQ sequence in the
ene product [11,17].
Long polyQ sequences in pathogenic proteins result in mis-
olding and propensity to aggregate into characteristic nuclear
nd cytoplasmic ubiquitinated inclusion bodies that are the most
alient features of polyQ expansion disorders [5,6,9,16]. Whether
ggregates of polyQ-expanded proteins are toxic or protective is
till a matter of debate [13]. Huntingtin aggregation is a dynamic
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rocess and aggregates have been suggested to be toxic or cyto-
rotective, according to the stage of their formation [12] and the
ulnerability of neurons to polyQ-expanded protein toxicity may
e linked to their inability to sequester the protein [2,4].
In transfected cultured cells, inclusion bodies of polyQ-
xpanded proteins localize to the nucleus as well as to the
ytoplasm where they can form perinuclear aggregates [22–24].
lectron microscopy studies have shown that perinuclear aggre-
ates of huntingtin are associated with a typical distortion of the
uclear surface [23]. However, the state of the nuclear envelope
djacent to a huntingtin aggregate has received little attention. The
uclearenvelopeplaysan important role incellularorganization [8]
nd disruption of the nuclear envelope in HD would be signiﬁcant
n thepathogenic process. For a global assessment of the state of the
uclear envelope,we examined the nuclear lamina in cells contain-
ng perinuclear aggregates formed by pathogenic polyQ-expanded
untingtin.
Chinese hamster ovary (CHO) cellsweremaintained in a humid-
ﬁedatmosphere of 95%air/5%CO2 at 37 ◦C inDMEMsupplemented
ith 10% (v/v) heat inactivated fetal bovine serum (FBS, Invit-
Open access under CC BY licenseogen), 100 U/ml penicillin/100g/ml streptomycin and 2mM
-glutamine. For transfection, cells were grown to 60–70% con-
uence in 6-well plates. Cells were transfected with EGFP-tagged
untingtin exon 1 containing 103 glutamines (Htt103Q) [25]. Cells
ere transfected with 3g DNA per well using Lipofectamine Plus
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Fig. 1. Confocal microscopy analysis of the nuclear lamina in polyQ-expanded huntingtin-expressing cells. CHO cells were transfected with huntingtin exon 1 with 103
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1lutamines tagged with EGFP (Htt103Q). Cells were stained with an antibody to lam
re associated with a distortion of the nuclear envelope, clearly evident with lamin B
nvelope. (A) EGFP ﬂuorescence, (B) lamin B1 staining, and (C) merged signals. Scal
eagent (Invitrogen). Cellswere exposed to theDNA/liposome com-
lex for 5h in Optimem (Invitrogen) before being returned to
ormal growthmedium. Cells were ﬁxed inmethanol at −20 ◦C for
min 24 or 48h after transfection. Cells were then processed for
mmunoﬂuorescence microscopy to visualize the nuclear lamina.
he nuclear lamina, on the inner surface of the nuclear envelope, is
omposedof the typeV intermediateﬁlamentproteins, lamins [19].
or a global assessment of the state of thenuclear envelope,weana-
yzed the distribution of lamin B1. Lamin B1 was chosen as, unlike
amin A/C which provides mechanical strength, lamin B is an indi-
ator of nuclear envelope integrity [15]. Fixed cells were blocked in
BS containing 3% (w/v) bovine serum albumin and 10% (v/v) nor-
al donkey serum for 30min at room temperature and incubated
ith a monoclonal antibody to lamin B1 (L-5, Zymed) followed by
y3-conjugated donkey anti-mouse antibody (Jackson ImmunoRe-
earch Laboratories). Between incubations, cells were washed in
BS over 20min. After processing coverslips weremounted in Vec-
ashield (Vector Laboratories). Cells were imaged using a Zeiss
SM510 META laser scanning confocal microscope.
N-terminal fragments of huntingtinwith a number of glutamine
epeats in the normal range (i.e. <35) has a diffuse distribution in
ransfected cells; by contrast, huntingtin with a polyQ sequence
ver 35 repeats forms characteristic inclusions [6,25]. In CHO cells,
tt103Q aggregates have perinuclear or cytoplasmic (Fig. 1A and
) as well as nuclear (Fig. 2A and C) localizations. The nuclear lam-
na of cells not expressing Htt103Q appeared as a well-deﬁned,
amin B1 positive, outline (Fig. 1B). By contrast, in cells express-
ng Htt103Q, lamin B1 staining revealed that huntingtin aggregates
n a juxtanuclear position were associated with a clear focal distor-
ion in the nuclear envelope (Fig. 1B and C). Although aggregates
xert a mechanical pressure on the nuclear envelope, there were
p
p
b
r
s
ig. 2. Intranuclear aggregates of polyQ-expanded huntingtin do not alter lamin B1 distri
03 glutamines tagged with EGFP (Htt103Q) and stained for lamin B1. (A) EGFP ﬂuorescennd imaged by laser scanning confocal microscopy. Perinuclear Htt103Q aggregates
ning. By contrast, cells with cytoplasmic aggregates (arrows) have an intact nuclear
10m.
o overtly apparent discontinuity in the nuclear rim that would
ave been indicative of a local disruption of the nuclear envelope.
o abnormality of the nuclear envelope was observed in cells with
ytoplasmic (Fig. 1B and C) or nuclear (Fig. 2) aggregates.
We also examined the distribution of lamin B1 in cells con-
aining aggregates of polyQ-expanded ataxin-1, the product of the
CA1 gene. CHO cells were transfected with EGFP-tagged ataxin-1
ontaining 82 glutamines (Atxn82Q) [7] and processed for lamin
1 immunostaining as described for huntingtin-transfected cells.
nlike huntingtin, aggregates formed by Atxn82Q are exclusively
uclear in transfected cells ([20] and Fig. 3A and C). Some Atxn82Q
sobserved in theperinuclear regionof the cytoplasmof transfected
ells, but appears as amorphousmaterial not formingdeﬁned inclu-
ions as seen in the nucleus (Fig. 3A and C). Confocal imaging of
txn82Q-transfected cells immunostained for lamin B1 failed to
eveal any abnormality of the nuclear envelope nor lamin B1 redis-
ribution (Fig. 3B and C).
Lamin staining demonstrates clearly the depression of the
uclear envelope adjacent to a perinuclear aggregate of polyQ-
xpanded huntingtin. Alterations of nuclear envelope components
ave been associated with some neurological diseases. For exam-
le, a form of the hereditary motor and sensory neuropathy,
harcot-Marie-Tooth disease, type 2 (CMT2), is caused by muta-
ions in the LMNA gene, encoding lamin A [10]. Intranuclear
nclusions present in neurons of patients with Fragile X Tremor
taxia Syndrome have been shown to recruit lamin A [14]. Many
roteins involved in neurodegenerative diseases aggregate into
erinuclear structures, including proteins associated with Lewy
odies in Parkinson’s disease [1,3,21] and retinitis pigmentosa
hodopsinmutants [18]. Lamin immunocytochemistywould repre-
ent amethodof choice tomonitor the state of thenuclear envelope
bution in transfected cells. CHO cells were transfected with huntingtin exon 1 with
ce, (B) lamin B1 staining, and (C) merged signals. Scale bar =10m.
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Atxn82Q) and stained for lamin B1. Atxn82Q forms characteristic intranuclear aggr
uorescence, (B) lamin B1 staining, and (C) merged signals. Scale bar =10m.
n experimental paradigms aimed at establishing the pathogenic
igniﬁcance of protein aggregation.
cknowledgments
We thank Drs. David Rubinsztein and Huda Zoghbi for hunt-
ngtin and ataxin-1 constructs, respectively. This work was
upported by theWellcome Trust, the Biotechnology and Biological
esearch Council and the Medical Research Council.
eferences
[1] H.C. Ardley, G.B. Scott, S.A. Rose, N.G. Tan, A.F. Markham, P.A. Robinson, Inhi-
bition of proteasomal activity causes inclusion formation in neuronal and
non-neuronal cells overexpressing Parkin, Mol. Biol. Cell 14 (2003) 4541–4556.
[2] M. Arrasate, S. Mitra, E.S. Schweitzer, M.R. Segal, S. Finkbeiner, Inclusion body
formation reduces levels of mutant huntingtin and the risk of neuronal death,
Nature 431 (2004) 805–810.
[3] R. Bandopadhyay, A.E. Kingsbury, M.M. Muqit, K. Harvey, A.R. Reid, L. Kilford,
S. Engelender, M.G. Schlossmacher, N.W. Wood, D.S. Latchman, R.J. Harvey, A.J.
Lees, Synphilin-1 and Parkin show overlapping expression patterns in human
brain and form aggresomes in response to proteasomal inhibition, Neurobiol.
Dis. 20 (2005) 401–411.
[4] A.B. Bowman, S.Y. Yoo, N.P. Dantuma, H.Y. Zoghbi, Neuronal dysfunction in a
polyglutamine disease model occurs in the absence of ubiquitin–proteasome
system impairment and inversely correlates with the degree of nuclear inclu-
sion formation, Hum. Mol. Genet. 14 (2005) 679–691.
[5] R. Butler, P.N. Leigh, M.J. McPhaul, J.-M. Gallo, Truncated forms of the androgen
receptor are associated with polyglutamine expansion in X-linked spinal and
bulbar muscular atrophy, Hum. Mol. Genet. 7 (1998) 121–127.
[6] J.K. Cooper, G. Schilling, M.F. Peters, W.J. Herring, A.H. Sharp, Z. Kaminsky, J.
Masone, F.A. Khan, M. Delanoy, D.R. Borchelt, V.L. Dawson, T.M. Dawson, C.A.
Ross, Truncated N-terminal fragments of huntingtin with expanded glutamine
repeats form nuclear and cytoplasmic aggregates in cell culture, Hum. Mol.
Genet. 7 (1998) 783–790.
[7] C.J. Cummings, E. Reinstein, Y. Sun, B. Antalffy, Y. Jiang, A. Ciechanover, H.T.
Orr, A.L. Beaudet, H.Y. Zoghbi, Mutation of the E6-AP ubiquitin ligase reduces
nuclear inclusion frequencywhile accelerating polyglutamine-induced pathol-
ogy in SCA1 mice, Neuron 24 (1999) 879–892.
[8] M.A. D’Angelo, M.W. Hetzer, The role of the nuclear envelope in cellular orga-
nization, Cell Mol. Life Sci. 63 (2006) 316–332.
[9] S.W. Davies, M. Turmaine, B.A. Cozens, M. DiFiglia, A.H. Sharp, C.A. Ross, E.
Scherzinger, E.E.Wanker, L.Mangiarini, G.P. Bates, Formation of neuronal inclu-
sions underlies the neurological dysfunction in mice transgenic for the HD
mutation, Cell 90 (1997) 537–548.
10] A. De Sandre-Giovannoli, M. Chaouch, S. Kozlov, J.M. Vallat, M. Tazir, N. Kas-
souri, P. Szepetowski, T. Hammadouche, A. Vandenberghe, C.L. Stewart, D.
Grid, N. Levy, Homozygous defects in LMNA, encoding lamin A/C nuclear-
envelope proteins, cause autosomal recessive axonal neuropathy in human
[cells. CHO cells were transfected with EGFP-tagged ataxin-1 with 82 glutamines
but the nuclear envelope or the distribution of lamin B1 are not affected. (A) EGFP
(Charcot-Marie-Toothdisorder type2) andmouse, Am. J.Hum.Genet. 70 (2002)
726–736.
11] J.R. Gatchel, H.Y. Zoghbi, Diseases of unstable repeat expansion: mechanisms
and common principles, Nat. Rev. Genet. 6 (2005) 743–755.
12] B. Gong,M.C. Lim, J.Wanderer, A.Wyttenbach, A.J. Morton, Time-lapse analysis
of aggregate formation in an inducible PC12 cell model of Huntington’s disease
reveals time-dependent aggregate formation that transiently delays cell death,
Brain Res. Bull. 75 (2008) 146–157.
13] S. Imarisio, J. Carmichael, V. Korolchuk, C.W. Chen, S. Saiki, C. Rose, G. Krishna,
J.E. Davies, E. Ttoﬁ, B.R. Underwood, D.C. Rubinsztein, Huntington’s disease:
from pathology and genetics to potential therapies, Biochem. J. 412 (2008)
191–209.
14] C.K. Iwahashi, D.H. Yasui, H.J. An, C.M. Greco, F. Tassone, K. Nannen, B. Babineau,
C.B. Lebrilla, R.J. Hagerman, P.J. Hagerman, Protein composition of the intranu-
clear inclusions of FXTAS, Brain 129 (2005) 256–271.
15] J. Lammerding, L.G. Fong, J.Y. Ji, K. Reue, C.L. Stewart, S.G. Young, R.T. Lee, Lamin
A and lamin C but not lamin B1 regulate nuclear mechanics, J. Biol. Chem. 281
(2006) 25768–25780.
16] D. Martindale, A. Hackman, A. Wieczorek, L. Ellerby, C. Wellington, K.
McCutcheon,R. Singaraja, P. Kazemi-Esfarjani, R.Devon, S.U.Kim,D.E. Bredesen,
F. Tufaro, M.R. Hayden, Length of huntingtin and its polyglutamine tract inﬂu-
ences localization and frequency of intracellular aggregates, Nature Genet. 18
(1998) 150–154.
17] H.T. Orr, H.Y. Zoghbi, Trinucleotide repeat disorders, Annu. Rev. Neurosci. 30
(2007) 575–621.
18] R.S. Saliba, P.M. Munro, P.J. Luthert, M.E. Cheetham, The cellular fate of mutant
rhodopsin: quality control, degradation and aggresome formation, J. Cell Sci.
115 (2002) 2907–2918.
19] D.K. Shumaker, E.R. Kuczmarski, R.D. Goldman, The nucleoskeleton: lamins and
actin are major players in essential nuclear functions, Curr. Opin. Cell Biol. 15
(2003) 358–366.
20] P.J. Skinner, B.T. Koshy, C.J. Cummings, I.A. Klement, K. Helin, A. Servadio, H.Y.
Zoghbi, H.T. Orr, Ataxin-1 with an expanded glutamine tract alters nuclear
matrix-associated structures, Nature 389 (1997) 971–974.
21] M. Tanaka, Y.M. Kim, G. Lee, E. Junn, T. Iwatsubo, M.M. Mouradian, Aggresomes
formed by alpha-synuclein and synphilin-1 are cytoprotective, J. Biol. Chem.
279 (2004) 4625–4631.
22] J.P. Taylor, F. Tanaka, J. Robitschek, C.M. Sandoval, A. Taye, S. Markovic-Plese,
K.H. Fischbeck, Aggresomes protect cells by enhancing the degradation of toxic
polyglutamine-containing protein, Hum. Mol. Genet. 12 (2003) 749–757.
23] S. Waelter, A. Boeddrich, R. Lurz, E. Scherzinger, G. Lueder, H. Lehrach, E.E.
Wanker, Accumulation of mutant huntingtin fragments in aggresome-like
inclusion bodies as a result of insufﬁcient protein degradation, Mol. Biol. Cell
12 (2001) 1393–1407.
24] J.L. Webb, B. Ravikumar, D.C. Rubinsztein, Microtubule disruption inhibits
autophagosome-lysosome fusion: implications for studying the roles of
aggresomes in polyglutamine diseases, Int. J. Biochem. Cell Biol. 36 (2004)
2541–2550.
25] A. Wyttenbach, O. Sauvageot, J. Carmichael, C. Diaz-Latoud, A.P. Arrigo, D.C.
Rubinsztein, Heat shock protein 27 prevents cellular polyglutamine toxicity
and suppresses the increase of reactive oxygen species caused by huntingtin,
Hum. Mol. Genet. 11 (2002) 1137–1151.
